arXiv:hep-ph/0203166 v1 18 Mar 2002

DESY 02-012 ISSN 0418-9833 February 2001

Potential NRQCD and Heavy-Quarkonium Spectrum at Next-to-Next-to-Next-to-Leading Order

Bernd A. Kniehl^a , Alexander A. Penin^{a,b}, Vladimir A. Smirnov^c, Matthias Steinhauser^a a II. Institut für Theoretische Physik, Universität Hamburg, Luruper Chaussee 149, 22761 Hamburg, Germany b Institute for Nuclear Research, Russian Academy of Sciences, 60th October Anniversary Prospect 7a, Moscow 117312, Russia c Institute for Nuclear Physics, Moscow State University, 119899 Moscow, Russia

Abstract

The next-to-next-to-next-to-leading order (N^3LO) Hamiltonian of potential nonrelativistic QCD is derived. The complete matching of the Hamiltonian and the contribution from the ultrasoft dynamical gluons relevant for perturbative boundstate calculations is performed including one-, two-, and three-loop contributions. The threshold expansion is used to disentangle and match contributions of different scales in the effective-theory calculations. As a physical application, the heavyquarkonium spectrum is obtained at N^3LO for the case of vanishing QCD beta function. Our results set the stage for a full N^3LO analysis of the heavy-quarkonium system.

PACS numbers: 12.38.Aw, 12.38.Bx

1 Introduction

The theoretical study of nonrelativistic heavy-quark-antiquark systems [1] and its applications to bottomonium [2] and top-antitop [3] physics rely entirely on first principles of QCD. These systems allow for a model-independent perturbative treatment. Nonperturbative effects [4,5] are well under control for the top-antitop system and, at least within the sum-rule approach, also for bottomonium. This makes heavy-quark-antiquark systems an ideal laboratory to determine fundamental parameters of QCD, such as the strong-coupling constant α_s and the heavy-quark masses m_q. The study of tt̄ threshold production should even allow for a precision study of Higgs-boson-induced effects. Recently, essential progress has been made in the theoretical investigation of the nonrelativistic heavy-quark threshold dynamics based on the effective-theory approach [6,7]. In such a framework, one has two expansion parameters, α_s and the relative velocity v of the heavy quarks. The corrections are classified by the total power of α_s and v, i.e. N^kLO corrections contain terms of O ( α^l_sv^m ) , with l + m = k. This has the consequence that, in general, different loop orders, which are counted in powers of α_s, contribute to the N^kLO result.

Analytical results for the main parameters of the nonrelativistic heavy-quark-antiquark system are now available through the next-to-leading order (NLO) and the next-to-next-to-leading order (NNLO) [8,9,10,11,12,13,14,15]. They have been applied to bottomonium [8,11,13,15,16,17] and top-antitop [12,14,18,19,20,21,22,23] phenomenology. Some specific classes of the next-to-next-to-next-to-leading order (N^3LO) corrections have also been investigated [24,25,26,27] (see Ref. [28] for a brief review). These corrections have turned out to be so sizeable that it appears to be indispensable to gain full control over this order, both with respect to phenomenological applications and in order to understand the structure and peculiarities of the nonrelativistic effective theory. Besides its phenomenological importance, the heavy-quarkonium system is very interesting from the theoretical point of view because it possesses a highly sophisticated multiscale dynamics and its study demands the full power of the effective-theory approach. No qualitatively new theoretical effects are expected beyond N^3LO, so that the N^3LO analysis would bring us much closer to the full understanding of the perturbative nonrelativistic dynamics.

In the present paper, we set the stage for the complete N^3LO analysis of perturbative heavy quarkonium. In particular, we elaborate in detail the nonrelativistic effective Hamiltonian, which is the key object of the heavy-quarkonium theory, and its matching to the contribution associated with the emission and absorption of dynamical ultrasoft gluons, which are relevant for perturbative bound-state calculations [24,29]. To this end, we employ the technique of Ref. [30] based on the effective-theory approach [6,7,31] implemented with the threshold expansion [32].

This paper is organized as follows. In Section 2, we introduce the basic ingredients of the nonrelativistic effective-theory formalism and describe the main features of our approach. In Section 3, we recall lower-order results and analyze the one- and two-loop contributions to the N^3LO Hamiltonian. In Section 4, we discuss the matching of the Hamiltonian to the ultrasoft contribution, which necessitates the inclusion of one-, two-, and three-loop contributions. In Section 5, we convert our results into corrections to the heavy-quarkonium spectrum and illustrate their phenomenological relevance. Section 6 contains our conclusions. In the Appendix, we present some details of our calculation of the 1/m_q corrections to the heavy-quark potential.

2 Effective theory of nonrelativistic heavy quarks

The nonrelativistic behavior of the heavy-quark-antiquark pair is governed by a complicated multiscale dynamics. In the nonrelativistic regime, where the heavy-quark velocity v is of the order of the strong-coupling constant α_s, the Coulomb effects are crucial and have to be taken into account to all orders in α_s. This makes the use of the effective theory mandatory. The effective-theory approach allows us to separate the scales and to implement the expansion in v at the level of the Lagrangian. Let us recall that the dynamics of a nonrelativistic quark-antiquark pair is characterized by four different regions and the corresponding modes [32]:

(i) the hard region (the energy and three-momentum scale like m_q);

(ii) the soft region (the energy and three-momentum scale like m_qv);

(iii) the potential region (the energy scales like m_qv^2, while the three-momentum scales like m_qv); and

(iv) the ultrasoft region (the energy and three-momentum scale like m_qv^2). The ultrasoft region is only relevant for gluons, ghosts, and light quarks. Nonrelativistic QCD (NRQCD) [6,7] is obtained by integrating out the hard modes. Subsequently integrating out the soft modes and the potential gluons results in the effective theory of potential NRQCD (pNRQCD) [31], which contains potential heavy quarks and ultrasoft gluons, ghosts, and light quarks as active particles. The effect of the modes that have been integrated out is two-fold: higher-dimensional operators appear in the effective Hamiltonian, corresponding to an expansion in v, and the Wilson coefficients of the operators in the effective Hamiltonian acquire corrections, which are series in α_s.

The theory of pNRQCD is relevant for the description of the heavy-quarkonium system. Let us recall its basic ingredients. In pNRQCD, the (self)interactions between ultrasoft particles are described by the standard QCD Lagrangian. The interactions of the ultrasoft gluons with the heavy-quark-antiquark pair are ordered in v by the multipole expansion. For the N^3LO analysis, only the leading-order (LO) emission and absorption of ultrasoft gluons have to be considered. They are described by the chromoelectric dipole interaction, which is of the form g_sr · E, where g_s is the QCD gauge coupling, r is the difference of coordinates of the quark and antiquark, and E = E^at^a is the chromoelectric field, with t^a being the generators of the colour gauge group SU(3). The propagation of the quark-antiquark pair in the colour-singlet (s) and colour-octet (o) states is described by the nonrelativistic Green function G^{s,o} of the Schrödinger equation, (H^{s,o} − E) G^{s,o}(r, r^′, E) = δ(r − r^′), (1) where E is the energy of the quark-antiquark pair counted from the threshold 2m_q and H^{s,o} is the effective nonrelativistic Hamiltonian, H^{s,o} = H^{s,o}_C + · · · , H^{s,o}_C = − Δ_r m_q + V^{s,o}_C (r), (2)

with Δ_r = ∂^2_r and r = |r|. The ellipses stand for higher-order terms in α_s and v. The Coulomb (C) potentials for the singlet and octet states are attractive and repulsive, respectively, and are given by

V^s_C (r) = −C_F α_s r , V^o_C (r) = ( C_A 2 − C_F ) α_s r , (3)

where C_A = 3 and C_F = 4/3 are the eigenvalues of the quadratic Casimir operators of the adjoint and fundamental representations of the colour gauge group, respectively. Throughout this paper, we assume that α_s = α_s(μ) if no argument is specified.

The LO approximation for the Green function is given by the Coulomb solution, which sums up terms singular at threshold and describes the leading binding effects. The corrections to the Coulomb Green function due to higher-order terms in the effective Hamiltonian can be found in Rayleigh-Schrödinger time-independent perturbation theory as in standard quantum mechanics. The Green functions have the following spectral representations: G^s(r, r^′, E) = ∞∑ n=1 ψ^{s∗}_n (r)ψ^s_n(r^′) E_n − E + ∫ d^3k (2π)^3 ψ^{s∗}_k (r)ψ^s_k(r^′) k^2/m_q − E , (4) G^o(r, r^′, E) = ∫ d^3k

(2π)^3 ψ^{o∗}_k (r)ψ^o_k(r^′) k^2/m_q − E , (5)

where ψ^s_n and ψ^{s,o}_k are the wave functions of the quark-antiquark bound and continuum states, with principal quantum number n and relative three-momentum k, respectively, and the E +iε rule is implied. In Eqs. (4) and (5), the orbital and spin quantum numbers, l and m, respectively, are suppressed. Note that a discrete part of the spectrum (bound states) only exists for the singlet Green function. Through the emission or absorption of an ultrasoft gluon, the quark-antiquark pair changes its colour state, so that one switches from Eq. (4) to Eq. (5) and vice versa.

Let us now turn to the problem of perturbative calculations in the effective theory. Both NRQCD and pNRQCD have specific Feynman rules, which can be used for a systematic perturbative expansion. However, this is complicated because the expansion of the Lagrangian corresponds to a particular subspace of the total phase space. Thus, in a perturbative calculation within the effective theory, one has to formally impose some restrictions on the allowed values of the virtual momenta (see, e.g., Refs. [33,34] for examples of highly sophisticated calculations performed in this scheme).

Explicitly separating the phase space introduces additional scales to the problem, such as momentum cutoffs, and makes the approach considerably less transparent. A much more efficient and elegant method is based on the expansion by regions [32,35], which is a systematic method to expand Feynman diagrams in any limit of momenta and masses. It consists of the following steps:

(i) consider various regions of a loop four-momentum k and expand, in every region, the integrand in Taylor series with respect to the parameters that are considered to be small there;

(ii) integrate the expanded integrand over the whole integration domain of the loop momenta; and

(iii) put to zero any scaleless integral.

In step (ii), dimensional regularization, with d = 4 − 2ϵ space-time dimensions, is used to handle the divergences. In the case of the threshold expansion in v, one has to deal with the four regions and their scaling rules listed above.

In principle, the threshold expansion has to be applied to the Feynman diagrams of full QCD. However, after integrating out the hard modes, which corresponds to calculating the hard-region contributions in the threshold expansion, it is possible to apply step (i) to the diagrams constructed from the NRQCD and pNRQCD Feynman rules [30]. Equivalently, the Lagrangian of the effective theory can be employed for a perturbative calculation without explicit restrictions on the virtual momenta if dimensional regularization is used and the formal expressions derived from the Feynman rules of the effective theory are understood in the sense of the threshold expansion. In this way, one arrives at a formulation of effective theory with two crucial virtues: the absence of additional regulator scales and the automatic matching of the contributions from different scales. The second property implies that the contributions of different modes, as computed in the effective theory, can be simply added up to get the full result. This automatic-matching property of effective-theory calculations in dimensional regularization was observed in Ref. [36] and used for high-order calculations in the theory of QED bound states in Ref. [37]. We should emphasize, however, the crucial rôle of the threshold expansion in effective-theory perturbative calculations because, in general, the naïve use of the effective-theory Feynman rules and dimensional regularization leads to incorrect results. Another advantage of the effective-theory realization of the threshold expansion is that the individual contributions from the hard, soft/potential, and ultrasoft regions are manifestly gauge invariant. Indeed, the Lagrangians of NRQCD and pNRQCD are gauge invariant, and dimensional regularization preserves the gauge symmetry as well. Thus, the QCD calculation of the hard corrections and the NRQCD calculation of the soft and potential corrections to the on-shell amplitudes can be performed in the covariant gauge suitable for relativistic problems, while the pNRQCD calculations can be done in the Coulomb gauge appropriate for nonrelativistic problems. In the next sections, we illustrate the power of the approach outlined above by an explicit analysis in pNRQCD at N^3LO.

3 Nonrelativistic effective Hamiltonian

Let us start this section with a general remark on the structure of higher-order corrections in pNRQCD. As already mentioned in the Introduction, the corrections are classified by the total power of α_s, counting the number of loops, and v or, equivalently, 1/m_q. In particular, the N^3LO Hamiltonian includes one-loop corrections of O(α_sv^2), two-loop corrections of O (α^2_s v), and three-loop corrections of O (α^3_s ). In NLO, the only source of corrections is the renormalization and running of the Coulomb potential. In NNLO, relativistic corrections in v due to higher-dimensional operators start to contribute. In N^3LO, retardation effects, which cannot be described by operators of instantaneous interaction, enter the game. They will be discussed in the next section. At this order, the nonrelativistic effective Hamiltonian becomes infrared (IR) sensitive. No qualitatively new theoretical effects are expected beyond N^3LO.

The general form of the Hamiltonian valid up to N^3LO reads

H = (2π)^3δ(q) ( p^2 m_q − p^4 4m^3_q ) + C_c(α_s)V_C (|q|) + C_{1/m}(α_s)V_{1/m}(|q|) + πC_F α_s m^2_q × [ C_δ(α_s) + C_p(α_s) p^2 + p^{′2} 2q^2

+ C_s(α_s)S^2 + C_λ(α_s)Λ(p, q) + C_t(α_s)T (q) ] , (6)

where the following operators are involved V_C (|q|) = − 4πC_F α_s q^2 , V_{1/m}(|q|) = 2π^2C_F α_s m_q|q| , S = σ_1 + σ_2 2 , Λ(p, q) = i S · (p × q) q^2

, T (q) = σ_1 · σ_2 − 3

(q · σ_1)(q · σ_2) q^2

. (7)

Here, p and p^′ are the three-momenta of the incoming and outgoing quarks, respectively, q = p^′ − p is the three-momentum transfer, and σ_{1,2} are the quark and antiquark spin operators. Note that the effective Hamiltonian is defined for on-shell quarks, with p^2 = p^{′2} = m_qE. The Wilson coefficients are power series in α_s,

C_i(α_s) = ∞∑ n=0 (α_s π )_n c^i_n(m_q, |q|, μ), (8) where the modified minimal-subtraction (MS) scheme for the renormalization of α_s is implied.

In the following, we discuss the nontrivial terms in Eq. (6), which are sorted in terms of the inverse heavy-quark mass. The contribution from the hard-virtual-momentum region is analytic in v^2 and starts at O(v^2). Thus, it does not affect V_C (|q|) and V_{1/m}(|q|). Corrections to the static Coulomb potential only arise from the soft contribution. Using renormalization group (RG) arguments, they can be rewritten as C_c(α_s)V_C (|q|) = − 4πC_F α_s(|q|) q^2 1 + α_s(|q|) 4π a_1 + ( α_s(|q|) 4π )_2

a_2

+ ( α_s(|q|) 4π )_3 (

a_3 + 8π^2C^3_A ln μ^2 q^2 ) + · · · . (9) The RG logarithms can be recovered from Eq. (9) by recalling that (see, e.g., Ref. [38]) α_s(|q|) π = α_s(μ) π 1 + α_s(μ) π β_0L + ( α_s(μ) π )_2 L ( β^2_0 L + β_1 )

+ ( α_s(μ) π )_3 L ( β^3_0 L^2 + 5 2 β_0β_1L + β_2 ) + · · · , (10) where L = ln(μ^2/q^2) and [39]

β_0 = 1 4 ( 11 3 C_A − 4 3 T_F n_l ) , β_1 = 1 16 (34 3 C^2_A − 20 3 C_AT_F n_l − 4C_F T_F n_l ) , β_2 = 1 64 (2857 54 C^3_A −

1415 27 C^2_AT_F n_l − 205 9 C_AC_F T_F n_l + 2C^2_F T_F n_l + 158 27 C_AT^2_F n^2_l + 44 9 C_F T^2_F n^2_l ) (11)

are the first three coefficients of the QCD beta function. Here, T_F = 1/2 is the index of the fundamental representation, and n_l is the number of light-quark flavors. The non-RG logarithmic term of O(α^3_s ) in Eq. (9) reflects the IR divergence of the static potential [40]. The corresponding pole is canceled against the ultraviolet (UV) one of the ultrasoft contribution [24,41]. For convenience, this pole is subtracted in Eq. (9) according to the MS prescription, so that the coefficient a_3 is defined in the MS subtraction scheme both for UV and IR divergences. For consistency, the UV pole of the ultrasoft contribution has to be subtracted in the same way. Throughout the calculation, we use the same procedure to render the contributions from the various regions finite. The actual cancellation of the spurious divergences appearing in the process of expanding by regions is reflected in the μ independence of the final result.

In the literature [24,40,41], the coefficient in front of the IR logarithm in the O(α^3_s ) static potential is given as C^3_A/(24π), which differs from C^3_A/(8π) in Eq. (9). This is a consequence of the consistent use of dimensional regularization in our analysis based on the threshold expansion. The difference is due to the fact that we perform all three loop integrals in d dimensions, not just the one that is IR divergent. The logarithmic terms not associated with IR-divergent integrals are unphysical and are exactly canceled by similar terms from the three-loop ultrasoft-potential-potential contribution, in which only the ultrasoft integral is UV divergent (see Section 4), while the physical logarithmic integral between soft and ultrasoft scales results in ln α_s corrections to the spectrum. The calculation of the coefficients a_i can be performed in the static limit m_q → ∞ of NRQCD. Due to the exponentiation of the static potential [42], these coefficients only receive contributions form the maximum non-Abelian parts. In the language of the threshold expansion, the selection of these parts effectively separates the contribution of the soft region. The Abelian colour factor C_F indicates the presence of the Coulomb singularity and implies that at least one loop momentum is potential. All such contributions are just iterations of the lower-order potential and are taken into account in the perturbative solution of the Schrödinger equation (1) around the Coulomb approximation.

The one-loop coefficient, a_1 = 31 9 C_A − 20 9 T_F n_l, (12)

has been known for a long time [42,43], while the two-loop coefficient has only recently been found [44,45]. In our previous communication [30], we confirmed the result of Ref. [45],

a_2 = [ 4343 162 + 4π^2 − π^4 4 + 22 3 ζ(3) ] C^2_A −

[ 1798 81 + 56 3 ζ(3) ] C_AT_F n_l − [ 55 3 − 16ζ(3) ] C_F T_F n_l + (20 9 T_F n_l )_2

, (13)

where ζ is Riemann’s zeta function, with value ζ(3) = 1.202057 . . .. At present, only Padé estimates of the tree-loop MS coefficient are available, namely [46]

a_3 4^3 = 142 if n_l = 3, 98 if n_l = 4, 60 if n_l = 5.

(14)

Although the Padé estimates are in reasonable agreement with the exact results where the latter are available, the reliability of Eq. (14) is not guaranteed, and it is very desirable to exactly evaluate the coefficient a_3. However, in Section 5, we show that even a 100% uncertainty in a_3 would not result in a significant error in the N^3LO corrections to the spectrum for the states with small principal quantum number.

The 1/m_q -suppressed terms of Eq. (6) receive contributions from the soft and potential regions and, applying RG techniques, can be written in the following form: C_{1/m}(α_s)V_{1/m}(|q|) = π^2C_F α^2_s (|q|) m_q|q| { b_1 + α_s(|q|) π [ b_2 − 4 3 ( C^2_A + 2C_AC_F ) ln μ^2 q^2 ] + · · · } . (15) The one-loop coefficient b_1 reads [47,48]

b_1 = −C_A + C_F 2 . (16)

Our result for the two-loop coefficient b_2 is listed in Ref. [30]. A more detailed description of the calculation is presented in Section 3.2. The coefficient of the two-loop IR logarithm in Eq. (15) can be extracted from the UV divergence of the ultrasoft contribution [24]. However, similarly to the case of the IR divergence of the static potential, one has to take into account additional logarithmic terms resulting from the consistent use of dimensional regularization.

The RG analysis results in the following representation of the 1/m^2_q part of the effective Hamiltonian:

α_s(μ)C_δ(α_s) = α_s(|q|) { d^δ_0 + α_s(μ) π [ d^δ_1 + 4 3 (C_A − 2C_F ) ln μ^2 q^2 ] + · · · } , α_s(μ)C_p(α_s) = α_s(|q|) [ d^p_0 + α_s(μ) π ( d^p_1 − 8 3 C_A ln μ^2 q^2 ) + · · · ] , α_s(μ)C_i(α_s) = α_s(|q|) [ d^i_0 + α_s(μ) π d^i_1 + · · · ] , i = s, λ, t, α_s(μ)C^a_i (α_s) = α_s(m_q) [ d^{i,a}_0 + α_s(m_q) π d^{i,a}_1 + · · · ] , i = δ, s, (17) where the contributions from the annihilation channel are marked by the superscript a. The normalization scale of α_s in the one-loop scattering terms is not fixed because they receive contributions from both the soft and hard regions. According to the RG, the scale of α_s should be chosen to be μ_h ≈ m_q for the hard contribution and μ_s ≈ α_sm_q for the soft one. The IR one-loop logarithms which match the UV behavior of the ultrasoft contribution [24] are written out explicitly in Eq. (17). The calculation of the one-loop coefficients d^i_1 within the threshold expansion is discussed in Section 3.1. Some of these coefficients also contain logarithms of the form ln ( m^2_q/q^2 ) originating from the logarithmic integration between the soft and hard scales.

The purely relativistic tree-level O(v^2) corrections are given, up to a colour factor, by the standard Breit Hamiltonian and read

d^δ_0 = 0, d^p_0 = −4, d^s_0 = 4 3 , d^λ_0 = 6, d^t_0 = 1 3 , d^{δ,a}_0 = 0, d^{s,a}_0 = 0. (18)

The QED effective Hamiltonian for n_l light fermions is obtained from the above expressions by setting C_A = 0 and C_F = T_F = 1. Note that the QED Breit Hamiltonian has a nonvanishing one-photon annihilation coefficient,

d^{s,a}_{0,QED} = 1, (19)

which is absent in the case of colour-singlet quarkonium due to colour conservation.

In Refs. [36,49], dealing with QED bound-state calculations in the Coulomb gauge, one finds Wilson coefficients different from the Abelian parts of those listed in Eqs. (16) and (18). Using them would lead to

b_1 = −C_A, d^δ_0 = 1. (20)

These two sets of coefficients are equivalent, and the difference is related to the use of offshell operators in the Hamiltonian. This problem is discussed in more detail in Section 3.2.

3.1 One-loop operators

The O(α_sv^2) operators, contributing to N^3LO at one loop, have attracted some attention, and an essential part of the results can be found in the literature [47,48,49,50,51,52,53,54]. Here, we present a consistent derivation of these corrections within the threshold-expansion framework. The O(α_sv^2) operators receive contributions from the hard and soft/potential regions. The contribution from the hard region requires a fully relativistic treatment. A part of it is directly related to the Wilson coefficients c_F , c_D, c_S , and d_2 parameterizing the Fermi, Darwin, spin-orbital, and heavy-quark vacuum-polarization terms in the NRQCD Lagrangian, respectively [52]. The residual part arises from the on-shell scattering and annihilation box diagrams at threshold [53].

The calculation of the soft contribution can be performed in NRQCD. In the effectivetheory language, we study the reduction from NRQCD to pNRQCD and compute the effect of the soft modes being integrated out. Apart from the standard LO terms of the NRQCD Lagrangian, we need the 1/m_q-suppressed terms originating from the covariantderivative operator D^2/(2m_q) acting on the quark and antiquark fields, the Fermi, Darwin, and spin-orbital terms. Note that the covariant-derivative operator includes the quark kinetic-energy term k^2/(2m_q ). According to the threshold expansion, it should be treated as a perturbation if k is soft or kept in the nonrelativistic quark propagator, S(k) = 1 k_0 − k^2/(2m_q) + iε

, (21)

if k is potential. The potential region is connected with the contribution of the pole of the propagator of Eq. (21) to the integral over k_0. In this connection, we can make an interesting observation. Let us consider two-particle-irreducible diagrams that are free of Coulomb singularities, so that the k_0 contour is not pinched between the poles of the quark and antiquark propagators. In this case, one can close the contour of the k_0 integral keeping the poles either inside or outside. The contribution from the potential region is obviously different in these cases, although the result for the integral is the same. This means that separating the contributions from the soft and potential regions for diagrams without Coulomb singularity is useless, and the propagator of Eq. (21) can thus be safely expanded in 1/m_q in both regions. In fact, the expansion of the pole contribution yields familiar generalized functions of k_0, namely δ^{(n)}(k_0). This observation dramatically simplifies the calculation, which can be performed in a covariant form after substituting k_0 = v_0 · k, where v_0 = (1, 0).

By contrast, the two-particle-reducible diagrams including the product of the quark and antiquark propagators, 1 k_0 − k^2/(2m_q ) + iε 1 k_0 + k^2/(2m_q ) − iε

, (22)

where k is the two-particle-reducible loop four-momentum, suffer from a Coulomb singularity. In this case, after expanding the quark propagator, one obtains ill-defined pinched products like 1 (k_0 + iε)^m 1 (k_0 − iε)^n

. (23)

Thus, separating the soft and potential regions is unavoidable. In the soft region, the pole contributions of the quark and antiquark propagators have to be excluded, and the above product should be defined to be its principal value, 1 2 [ 1 (k_0 + iε)^{m+n} + 1 (k_0 − iε)^{m+n} ] , (24)

which again allows for a covariant treatment. In the potential region, the quark and antiquark propagator poles produce contributions of the form − iπ m_q k^2 − iε [ δ ( k_0 − k^2 2m_q ) + δ ( k_0 + k^2 2m_q )] , (25)

where the 1/v Coulomb singularity shows up explicitly. After integration over k_0, Eq. (25) yields the nonrelativistic Green function of the free Schrödinger equation. A contribution of this type can always be related to iterations of the operators of the effective Hamiltonian in time-independent perturbation theory. Therefore, it should not be considered as a correction to the Hamiltonian. However, there is one subtle question here, namely as to whether the operators that vanish for on-shell quarks should be included in the effective Hamiltonian or not. This does not affect the 1/m^2_q potential, but it matters for the 1/m_q operator discussed in Section 3.2.

One has to be careful with the definition of commutators of the Dirac/Pauli matrices within dimensional regularization. Since poles in ϵ are only present in the individual contributions from the hard and soft regions and drop out in the sum, one can explicitly retain the commutators during the analysis of the these regions and replace them by the four/three-dimensional expressions in the final result [37]. Otherwise one has to use the same prescription for the evaluation of the commutators of the Dirac/Pauli matrices in the hard and soft regions. Throughout the calculation, we use the four/three-dimensional antisymmetric ϵ tensor for the definition of the commutators as was done in Ref. [54]. (This differs from the prescription of Ref. [53].)

The one-loop calculation poses no technical problems, and our results for the Wilson coefficients read

d^δ_1 + 4 3 (C_A − 2C_F ) ln μ^2 q^2 = [( − 1 4 − 17 6 ln μ^2 m^2_q ) C_A + ( 5 3 − 1 3 ln μ^2 m^2_q ) C_F − 4 15 T_F ] h + [( 9 4 + 25 6 ln μ^2 q^2 ) C_A + ( 1 3 − 7 3 ln μ^2 q^2 ) C_F ] s , d^p_1 − 8 3 C_A ln μ^2 q^2 = [( − 31 9 − 8 3 ln μ^2 q^2 ) C_A + 20 9 T_F n_l ] s , d^s_1 = [( 4 3 + 7 6 ln μ^2 m^2_q ) C_A − 2 3 C_F ] h + [( − 14 27 − 7 6 ln μ^2 q^2 ) C_A − 20 27 T_F n_l ] s , d^λ_1 = [( 4 + 2 ln μ^2 m^2_q ) C_A + 4C_F ] h + [( 7 6 − 2 ln μ^2 q^2 ) C_A − 10 3 T_F n_l ] s , d^t_1 = [( 1 3 + 1 6 ln μ^2 m^2_q ) C_A + 1 3 C_F ] h + [( 13 108 − 1 6 ln μ^2 q^2 ) C_A − 5 27 T_F n_l ] s , d^{δ,a}_1 = (−4 + 4 ln 2 − i2π)T_F , d^{s,a}_1 = (2 − 2 ln 2 + iπ)T_F , (26)

where the contributions from the hard (h) and soft (s) regions are explicitly separated. The first two equations of Eq. (26) are written in a way appropriate for Eq. (17). As in NNLO, the one-photon-annihilation channel provides an additional contribution to the QED Wilson coefficient, namely

d^{s,a}_{1,QED} = 2 − 2 ln 2 + iπ − ( 5 3 − 2 ln 2 + iπ ) n_l 3 . (27)

The QED part of Eq. (26) is in agreement with Ref. [31]. The non-Abelian part of Eq. (26) agrees with Ref. [54], including the nonlogarithmic C_A term in the coefficient d^δ_1, which differs from the one of Ref. [48].

3.2 Two-loop operators

The O (α^2_s v) part or the effective Hamiltonian is given by the two-loop corrections to the 1/m_q potential. These corrections are solely generated by the covariant-derivative operator in the NRQCD Hamiltonian. The calculation of the two-loop 1/m_q potential is simplified by the absence of the hard contribution, but, in turn, it is complicated by the presence of off-shell operators.

To introduce the problem, let us start with the one-loop 1/m_q potential. For illustrative purposes, we use the Feynman gauge, where the Coulomb and transverse gluons do not mix. Nonzero contributions come from the planar and crossed box diagrams and a diagram with one three-gluon vertex. The last two diagrams do not contain Coulomb singularities. According to the procedure described in the previous section, the quark and antiquark propagators should be expanded in 1/m_q. The result reads − ( C_AC_F − C^2_F

) π^2α^2_s m_q|q| . (28)

The soft contribution to the planar box diagram vanishes because the 1/m_q terms from the expansion of the quark and antiquark propagators cancel. The potential contribution corresponds to the second iteration of the operators generated by the exchange of one potential gluon. The operators that are defined for on-shell quarks enter the effective Hamiltonian, and their iteration is taken into account when Eq. (1) is solved. However, the potential-gluon exchange also generates operators proportional to the energy transfer q_0 = (p^{′2} − p^2)/(2m_q ), which vanish for on-shell quarks. Such operators do not enter the effective Hamiltonian, which is defined on-shell, and their iterations should be considered as corrections to the effective Hamiltonian. The factor q_0 cancels the denominator of the free nonrelativistic Green function and effectively makes the diagram two-particle irreducible. The Coulomb singularity brings a factor of m_q, so that for the calculation of the 1/m_q corrections we need the iteration of the 1/m^2_q off-shell operator and the leading Coulomb potential. In the case under consideration, the relevant off-shell operator is − πC_F α_s m^2_q ( p^{′2} − p^2 q^2

)_2

. (29)

Explicit evaluation of the corresponding potential contribution yields − π^2C^2_F α^2_s 2m_q|q| , (30)

and the coefficients of Eqs. (28) and (30) sum up to Eq. (16). In fact, by using the Coulomb equation of motion, it is straightforward to check that the matrix elements of Eqs. (29) and (30) between Coulomb states are the same.

Note that, in QED calculations performed in the Coulomb gauge [36,49], the off-shell tree-level operator analogous to Eq. (29) naturally appears. If one includes this operator in the effective Hamiltonian, the Wilson coefficient d^δ_0 is given by Eq. (20) and the coefficient b_1 is purely non-Abelian.

The equivalence of the two formulations is obvious from the above analysis. The use of off-shell operators is advantageous in QED because it allows one to reduce the number of loops by means of the Coulomb equation of motion, as may be seen by comparing Eqs. (29) and (30). However, here we use the on-shell formulation and the general covariant gauge, which is more suitable for multiloop QCD calculations.

Figure 1: Examples of two-particle-irreducible two-loop diagrams. The standard quark-gluon vertex represents the leading Coulomb interaction. The black circles correspond to the three types of O(1/m_q) terms generated by the quark covariant-derivative term.

The structure of the expansion remains intact at two loops, and our final result reads

b_2 = −

( 101 36 + 4 3 ln 2 ) C^2_A +

( 65 18 − 8 3 ln 2 ) C_AC_F + 49 36 C_AT_F n_l − 2 9 C_F T_F n_l. (31)

There is no fully Abelian C^3_F contribution in b_2, as is known from the QED analysis [36,49]. In the calculation of the two-loop two-particle-irreducible diagrams, which completely determine the maximum non-Abelian C^2_AC_F and C_AC_F T_F n_l structures of the result, we used an expanded form of Eq. (21). Typical diagrams contributing to the C^2_AC_F part are depicted in Fig. 1. The analysis of the relevant two-particle-reducible diagrams, shown in Fig. 2, is conceptually similar to the one-loop case described above. Let us discuss it in more detail. The reducible loop momentum can be either soft or potential. If it is soft, the quark and antiquark propagators can be expanded, and the only nonzero contribution corresponds to the situation where the single gluon is the Coulomb one and the 1/m_q term is kept in the expansion of the one-loop block, B. If the reducible loop momentum is potential, then one only has to take into account contributions from the off-shell operator. There are two possibilities: (i) the off-shell operator is generated by the single-gluon exchange, and the block B stands for the one-loop corrections to the Coulomb potential; or (ii) the off-shell operator comes from the 1/m^2_q part of the oneloop block B, and the single gluon is the Coulomb one. The analysis of the potential contribution is rather straightforward from the technical point of view. The calculation of the two-particle-irreducible diagrams and the soft parts of the two-particle-reducible diagrams is more involved. Some details are presented in the Appendix.

B

Figure 2: Example of a two-particle-reducible two-loop diagram. B stands a general one-loop two-particle-irreducible subgraph. The threshold expansion of this diagram is discussed in the text.

We performed a number of nontrivial checks for our analysis. (i) We worked in the general covariant gauge and verified that the gauge parameter cancels in our final result. (ii) The two-loop expression from which Eq. (31) is obtained contains both UV and IR divergences. The UV ones were removed in Eq. (31) by the renormalization of α_s in the one-loop result of Eq. (15). On the other hand, the IR divergences were canceled by the UV ones of the ultrasoft contribution (see Section 4) leaving a finite result for the spectrum. The RG logarithms proportional to β_0 and the IR logarithms are in agreement with Eq. (15). (iii) To test our program, we also recalculated the two-loop corrections to the static heavy-quark-antiquark potential and found agreement with Ref. [45]. Note that, with our prescription for the calculation of the soft and potential contributions, we explicitly obtained zero for the partially Abelian corrections to the static potential.

4 Ultrasoft contribution

For the N^3LO Hamiltonian, only the leading retardation effects are needed. They arise from the chromoelectric dipole interaction of the heavy quarkonium with a virtual ultrasoft gluon, as depicted in Fig. 3. In the analysis of the ultrasoft contribution, we proceed along the lines of the original analysis [24]. As has been mentioned in Section 2, there is freedom in the choice of gauge. We work in the Coulomb gauge, which is especially appropriate for N^3LO calculations in pNRQCD because the Coulomb gluon does not propagate and the dynamical gluon is transverse.

Figure 3: Feynman diagram giving rise to the ultrasoft contribution at N^3LO. The shaded and light double lines stand for the singlet and octet Green functions, respectively. The loopy line represents the ultrasoft-gluon propagator in the Coulomb gauge, and the black circles correspond to the chromoelectric dipole interaction.

The analytical expression for the corrections to the singlet Coulomb wave function can be obtained by using the pNRQCD Feynman rules of Section 2. It reads δG^s(x, y, E) = − ∑ m ∫ ∑ n ∫ ψ^∗_m(x)ψ_n(y) (E_m − E)(E_n − E) J_{mn}(E), (32)

where J_{mn}(E) = −C_F g^2_s (μ_{us})

∫ d^3k

(2π)^3 ⟨r_j ⟩_{mk}⟨r_i⟩_{kn}I^{ij} ( E − k^2 m_q ) , (33)

with I^{ij} (t) = −i ∫ d^dl (2π)^d l^2_0(δ^{ij} − l^il^j /l^2) l^2(t − l^0)

. (34)

The sum/integral in Eq. (32) goes over the whole spectrum, and m and n stand for the complete set of quantum numbers characterizing the discrete/continuum part of the spectrum. The scale μ_{us} ≈ α^2_s m_q of g_s in Eq. (33) reflects the ultrasoft-momentum flow through the gluon propagator. The matrix element ⟨r⟩_{kn} is taken between the singlet Coulomb wave function of quantum number n and the octet Coulomb wave function of three-momentum k. Performing in Eq. (34) the integration over l_0, we recover the expression of time-independent nonrelativistic perturbation theory. The remaining integral over l is UV divergent. Subtracting the UV pole according to the MS prescription, we obtain

I^{ij} (E − k^2/m_q) = δ^{ij} 6π^2 ( E − k^2 m_q )_3 ln | | |E^C_1 | | | k^2/m_q − E + ln μ |E^C_1 | + 5 6 − ln 2 , (35) where, for convenience, the Coulomb energy,

E^C_n = −

C^2_F α^2_s m_q 4n^2

, (36)

with n = 1, has been introduced into the arguments of the logarithms. The k-dependent logarithmic term in Eq. (35) represents a pure retardation effect and cannot be interpreted in terms of some instantaneous interaction. It receives contributions from Coulombgluon-exchange diagrams of all orders and leads to a QCD analogue of the familiar Bethe logarithms in the corrections to the spectrum, to be discussed in the next section. On the other hand, making use of the completeness relation,

∫ d^3k (2π)^3 ⟨r_j ⟩_{mk} ⟨r_i⟩_{kn} ( E − k^2 m_q )_l = ⟨ r(E − H^o_C )^lr ⟩ mn , (37) the remaining part of Eq. (35), excluding the k-dependent logarithmic term, is reduced to an instantaneous interaction of the form ⟨ r (E − H^o_C )^3 r ⟩ mn = ⟨ − C^3_A 8 α^3_s r − ( C^2_A + 2C_AC_F ) α^2_s m_qr^2

+ 4(C_A − 2C_F ) πα_s m^2_q δ(r) + C_A α_s m^2_q { Δr, 1 r }⟩ mn + reducible part, (38)

where the reducible part includes terms with the operator E − H^s_C acting directly on a wave function. By using Eqs. (32), (35), (37), and (38), one arrives at the following representation of the corrections to the Green function: δG^s(r, r^′, E) = − ∫ d^3r^{′′}G^s_C (r, r^{′′}, E)H^{us}(r^{′′})G^s_C (r^{′′}, r^′, E) + contact terms, (39)

where, in momentum space,

H^{us} = C_F α_s 3 ( 1 2 ln μ^2 (E^C_1 )^2 + 5 6 − ln 2 ) [ C^3_A α^3_s q^2 + 4 ( C^2_A + 2C_AC_F ) πα^2_s m_q|q| − 8(C_A − 2C_F ) α_s m^2_q

+ 16C_A α_s m^2_q p^2 + p^{′2} 2q^2 ] . (40)

The first term in Eq. (39) imitates the corrections to the Green function due to the N^3LO term of Eq. (40) in the effective Hamiltonian. The contact terms correspond to the reducible part of Eq. (38). By the equation of motion (1), one or both Coulomb Green functions in Eq. (39) are converted into δ functions. The corresponding contribution cannot be imitated by a term of the effective Hamiltonian. It does not affect the energy levels, but it leads to corrections to the wave functions. A part of such corrections, namely the on-shell renormalization of the heavy-quarkonium wave function at the origin, was computed in Ref. [24]. In the present paper, we refrain from discussing this type of corrections.

Figure 4: Examples of two- and three-loop diagrams encoded in the diagram of Fig. 3, which require additional matching to bring Eq. (40) in agreement with the threshold expansion. The dashed and loopy lines represent the potential (Coulomb) and ultrasoft (transverse) gluon propagators in the Coulomb gauge, respectively. The black circles correspond to the interaction generated by the quark covariant-derivative term.

Although dimensional regularization was used in deriving Eq. (40), the latter is not consistent with the threshold expansion because the three-dimensional expression for the Coulomb Green function was used instead of the (d − 1)-dimensional one, which is not available. Thus, Eq. (40) derived in Ref. [24] requires some additional matching. For this purpose, we separate the divergent contributions from the diagram of Fig. 3 and compute them according to the threshold expansion. Eq. (40) implies that only the one-, two-, and three-loop contributions encoded in the diagram of Fig. 3 are divergent. They include one divergent ultrasoft loop integration and zero, one, or two convergent potential loop integrations. The three-dimensional form of the Coulomb Green function used in the evaluation above implies that the integration over the potential momenta is performed in three dimensions, while, for the corresponding contributions obtained within the threshold expansion, they are done in d − 1 dimensions. Thus, the matching term is given by the difference of the diagrams computed in d − 1 dimensions and the same diagrams with three-dimensional integrals over the potential momenta in the limit ϵ → 0. Only two- and three-loop diagrams have to be considered. Examples of such diagrams are presented in Fig. 4. The calculation is simplified by the fact that, for the matching, we only need the pole part of the ultrasoft integral, which factorizes. For the two-particle-reducible diagrams of the type shown in Fig. 2, one has to take into account the off-shell operators generated by the two-particle-irreducible block B with one ultrasoft loop in a way similar to the case of the 1/m_q potential in Section 3.2. In addition to the O(α_sv^2) operator proportional to Eq. (29) with an extra factor of α_s, the one-loop ultrasoft exchange generates an off-shell operator proportional to πC_F α_s m^2_q p^2 + p^{′2} − 2m_qE q^2

, (41)

which, in three dimensions after adding one extra Coulomb gluon, results in the same 1/m_q term as the operator of Eq. (29). The matching terms are found to be

δH^{us} = C_F α_s 3 { ln μ^2 q^2

C^3_A α^3_s q^2 + [( 1 + 4 ln 2 + 2 ln μ^2 q^2 ) C^2_A − 4 ( 2 − 2 ln 2 − ln μ^2 q^2 ) C_AC_F ] πα^2_s m_q|q| } . (42)

Incidentally, the three-loop coefficient does not have a constant term. The μ dependence of the ultrasoft contribution H^{us} + δH^{us} exactly cancels the μ dependence of the N^3LO Hamiltonian given in Eqs. (9), (15), and (17) ensuring the cancellation of IR and UV poles.

5 Heavy-quarkonium spectrum

Let us now apply the results of the previous sections to the analysis of the heavyquarkonium spectrum. We restrict the analysis to the perturbative corrections, neglecting issues like nonperturbative contributions in the case of bottomonium and finite-width effects in the case of the top-antitop system. This is justified because the problem of large perturbative corrections seems to be crucial for the heavy-quarkonium theory. Furthermore, we only consider the zero-orbital-momentum states, with l = 0, which are of primary phenomenological interest.

5.1 Perturbative α^5_sm_q heavy-quarkonium spectrum

The O (α^3_s ) corrections to the energy levels arise from several sources:

(i) matrix elements of the N^3LO operators of the effective Hamiltonian between Coulomb wave functions;

(ii) higher iterations of the NLO and NNLO operators of the effective Hamiltonian in time-independent perturbation theory;

(iii) matrix elements of the N^3LO instantaneous operators generated by the emission and absorption of ultrasoft gluons; and

(iv) retarded ultrasoft contribution.

Parts (i) and (ii) include corrections due to the running of α_s in the lower-order operators of the effective Hamiltonian proportional to β_i, with i = 0, 1, 2. The logarithmic part of these corrections can be taken into account by choosing the relevant soft normalization scale of α_s in the NNLO result for the spectrum to be μ_s ≈ α_sm_q. However, there are also nonlogarithmic corrections proportional to the QCD beta function. We postpone the calculation of these corrections to a future publication. Here, we focus our attention on the conceptually interesting non-RG corrections. In the absence of the running of α_s, the calculation of part (ii) is reduced to a redefinition of α_s in the leading Coulomb approximation. The matrix elements relevant for parts (i) and (iii) are conveniently evaluated in coordinate space. All necessary formulae, including Fourier transforms, can be found in Ref. [48]. Part (iv) corresponds to the k-dependent term of Eq. (35). The ultrasoft corrections to the n-th energy level are given by J_{nn}(E_n), and its retarded part can be written as 2C^3_F α^3_s 3π | | |E^C_n | | | L^E_n , (43)

where we have introduced the QCD Bethe logarithms [24]

L^E_n = 1 C^2_F α^2_s E^C_n

∫ d^3k (2π)^3 |⟨r⟩_{kn}|^2 ( E^C_n − k^2 m_q )_3 ln E^C_1 E^C_n − k^2/m_q . (44)

The latter can be reduced to one-parameter integrals of elementary functions [24].^1 For the reader’s convenience, we list the relevant formulae here. They read

L^E_n = ∫_∞ 0 dν Y^E_n (ν)X^2_n(ν), (45)

where

Y^E_n (ν) =

2^6ρ^5_nν(ν^2 + 1) exp[4ν arccot(ν/ρ_n )]

n^2(ν^2 + ρ^2_n)^3[exp(2πν) − 1] ln n^2ν^2 ν^2 + ρ^2_n , X_1(ν) = ρ_1 + 2,

X_2(ν) = ν^2(2ρ^2 + 9ρ_2 + 8) − ρ^2(ρ_2 + 4)

(ν^2 + ρ^2) , X_3(ν) = ν^4(8ρ^3 + 60ρ^2_3 + 123ρ_3 + 66) − 2ν^2ρ^2_3(6ρ^2_3 + 41ρ_3 + 54) + 3ρ^4_3(ρ_3 + 6) 3(ν^2 + ρ^2_3)^2

, (46)

with ρ_n = n ( C_A 2C_F − 1 ) = n 8 . (47)

The expressions for X_n with n > 3 are usually irrelevant for practical applications. For n = 1, 2, 3, we obtain the following numerical values:

L^E_1 = −81.5379, L^E_2 = −37.6710, L^E_3 = −22.4818. (48)

1There are two misprints in Ref. [24]: in Eq. (A.3), n should be in the numerator; in Eq. (A.5), arctan should be replaced by arccot .

Putting everything together and writing

E_n = E^C_n + δE^{(1)}_n + δE^{(2)}_n + δE^{(3)}_n + · · · , (49)

we obtain our final result for the N^3LO corrections to the heavy-quarkonium energy levels in the approximation of putting β(α_s) = 0:

δE^{(3)}_n | | |_{β(αs)=0} = | | |E^C_n | | | α^3_s π { − a_1a_2 + a_3

32π^2 + [ − C_AC_F 2 + ( − 7 4 + 9 16n + S(S + 1) 2 ) C^2_F ] a_1 n + [ 5 36 + 1 6 (ln 2 − γ_E − ln n − Ψ_1(n + 1) + L_{αs} ) ] C^3_A + [ − 97 36 + 4 3 (ln 2 + γ_E − ln n + Ψ_1(n + 1) + L_{αs} )

] C^2_AC_F n + [( − 139 36 + 4 ln 2 + 7 6 (γ_E − ln n + Ψ_1(n + 1)) + 41 6 L_{αs} )

+ (47 24 + 2 3 (− ln 2 + γ_E + ln n + Ψ_1(n + 1) − L_{αs} ) ) 1 n + (107 108 − 7 12n + 7 6 (γ_E − ln n + Ψ_1(n + 1) − L_{αs} ) ) S(S + 1)

] C_AC^2_F n + [ 79 18 − 7 6n + 8 3 ln 2 + 7 3 (γ_E − ln n + Ψ_1(n + 1)) + 3L_{αs} −

S(S + 1) 3 ] C^3_F n + [ − 32 15 + 2 ln 2 + (1 − ln 2)S(S + 1)

] C^2_F T_F n + 49C_AC_F T_F n_l 36n + [ 8 9 − 5 18n − 10 27 S(S + 1)

] C^2_F T_F n_l n + 2 3 C^3_F L^E_n } , (50)

where S is the spin quantum number, L_{αs} = − ln(C_F α_s), Ψ_1(z) = dΓ(z)/dz, Γ(z) is Euler’s gamma function, and γ_E = 0.577216 . . . is Euler’s constant. The terms proportional to a_1 correspond to iterations of lower-order operators. We have not included in Eq. (50) the imaginary part corresponding to the partial width of the decay of the S = 0 state to two gluons, Γ_{gg} =

C^4_F T_F α^5_s m_q

2n^3

. (51)

The logarithmic part of Eq. (50),

δE^{(3)}_n = | | |E^C_n | | | α^3_s π { 1 6 C^3_A + 4 3n C_F C^2_A +

[ 41 6n − 7 6n S(S + 1) − 2 3n^2 ] C^2_F C_A + 3 n C^3_F } ln 1 α_s , (52) is known from previous analyses [25,26]. For the corrections to the n = 1, 2, 3 energy levels, we find numerically

δE^{(3)}_1 ≈ − α^3_s π | | |E^C_1 | | | [ a_3 32π^2

+ 177.716 − 11.611 n_l + 0.274 n^2_l − 0.004 n^3_l

− 60.500 ln 1 α_s + ( −18.853 + 1.312 n_l + 6.222 ln 1 α_s ) S(S + 1) ] , δE^{(3)}_2 ≈ − α^3_s π | | |E^C_2 | | | [ a_3 32π^2

+ 102.917 − 8.034 n_l + 0.274 n^2_l − 0.004 n^3_l

− 33.389 ln 1 α_s + ( −9.603 + 0.658 n_l + 3.111 ln 1 α_s ) S(S + 1) ] , δE^{(3)}_3 = − α^3_s π | | |E^C_3 | | | [ a_3 32π^2

+ 75.919 − 6.690 n_l + 0.274 n^2_l − 0.004 n^3_l

− 23.957 ln 1 α_s + ( −6.425 + 0.439 n_l + 2.074 ln 1 α_s ) S(S + 1) ] . (53)

5.2 Numerical estimates and phenomenological examples

To illustrate the phenomenological relevance of our results, let us consider two important physical examples: the resonance in top-antitop threshold production by e^+e^− annihilation via a virtual photon and the lowest Υ resonance. We neglect nonperturbative contributions and finite-width effects, so that the masses of the resonances are determined by the perturbative expressions with principal quantum number n = 1 and spin quantum number S = 1. The complete NLO and NNLO corrections may be found in Refs. [8,13,18], and the N^3LO ones for β(α_s) = 0 are given in Eq. (53). To take into account the N^3LO RG logarithms, we normalize α_s in NLO and NNLO at the soft scale μ_s = C_F α_s(μ_s)m_q. The setting of the normalization scale in the O(α^3_s ) corrections is a more subtle problem. In this order, the hard and ultrasoft regions start to contribute. This results in RG logarithms with corresponding scales. Furthermore, the contributions from different regions are not separately finite, and the operators of the effective Hamiltonian acquire anomalous dimensions, which result in non-RG logarithms [see Eqs. (9), (15), and (17)]. Thus, starting with the next order, the RG and non-RG logarithms mix. The correct treatment of the logarithmic corrections is possible within the effective-theory RG approach [20,55,56,57,58,59,60,61]. For simplicity, we ignore these sophistications for the time being and employ the soft normalization point for the whole of the O(α^3_s ) corrections. As an estimate of the nonlogarithmic corrections proportional to β_i, we use the β^3_0 term, which is currently only known for n = 1 [27],

δE^{(3)}_1 | | |_{β30} = − | | |E^C_n | | | ( 4α_sβ_0 π )_3 [ − 1 8 + π^2 16 + π^4 1440

+ ζ(3) − π^2 8 ζ(3) + 3 2 ζ(5) ] , (54)

with ζ(5) = 1.036928 . . ., and is expected to dominate the corrections of this type.

For the top-antitop system, we use m_t = 176 GeV and α_s(μ_s) = 0.14 to find the perturbative expansion of the binding energy to be

E_1 = −1.53 GeV × [1 + 0.448 + 0.322 + (0.006 + 0.011|_{a3} + 0.073|_β3_0 ) + · · ·], (55)

where the N^3LO contributions due to the a_3 and β^3_0 terms are given separately. Thus, the resonance peak position is decreased by approximately 140 MeV in comparison to the NNLO result. Although the O(α^3_s ) corrections are still important, the series shows reasonable convergence, which makes us optimistic about an accurate determination of m_t and α_s from this observable.

As for the Υ(1S) resonance, we use m_b = 4.8 GeV and α_s(μ_s) = 0.31 to find the perturbative expansion of the binding energy to be

E_1 = −205 MeV × [1 + 1.11 + 1.88 + (0.49 + 0.19|_{a3} + 1.02|_β3_0 ) + · · ·]. (56)

This implies that the value of m_b extracted from the Υ(1S) resonance is increased by approximately 170 MeV in comparison to the NNLO result. Although there is no further growth of the perturbative corrections, the O(α^3_s ) corrections seem to be too large to expect a reliable prediction from the N^3LO result, and some optimization, e.g. by mass and/or coupling-constant redefinition, is necessary to improve the convergence of the series.

In the above estimates we used the Padé results of Eq. (14) for the coefficient a_3. The accuracy of the Padé approximation is difficult to estimate, and a significant deviation from the exact result does not seem impossible. However, from Eqs. (55) and (56) we observe that the corresponding contribution only provides about 10% of the total O(α^3_s ) corrections, and even a 100% variation of a_3 merely results in a 10% variation of the O(α^3_s ) corrections. This is not crucial for the top-antitop system, but it could be essential in the bottomonium case, where the magnitude of the O(α^3_s ) contribution is very sizeable. The analytical evaluation of the coefficient a_3 is thus quite important.

The origin of the large NLO and NNLO corrections in Eqs. (55) and (56) is usually attributed to the IR-renormalon contribution. This contribution is absent in the IRsafe “short-distance” masses, and the perturbative series for such masses are expected to exhibit faster convergence (see, e.g., Refs. [15,16,17]). We observe, however, that, in the top-antitop case, the perturbative series numerically converges even in the pole-mass scheme. On the other hand, in the bottomonium case, the O(α^3_s ) corrections remain sizeable even for β(α_s) = 0, i.e. the naïve subtraction of the renormalon contribution through a mass redefinition does not completely solve the problem of large perturbative corrections.

Our next comment concerns the corrections logarithmic in α_s. Using the effectivetheory RG equations, it is possible to sum up the logarithmic corrections to the energy levels to all orders. The presence of several correlated scales renders the problem very interesting and nontrivial from the conceptual point of view. Now there are two contradictory results [59,60] on the resummation of the α^{n+4}_s ln^n α_s terms in the series for the energy levels, the first of which is given by Eq. (52). The result of Ref. [60] is obtained within pNRQCD, while an alternative formulation of effective theory, velocity NRQCD (vNRQCD), was used in Ref. [59]. Since there can be only one correct result, this issue has to be clarified. In any case, it is interesting to check the accuracy of the logarithmic approximation. Numerically, the logarithmic series is dominated by its first term, which provides about 80% in both the bottomonium and top-antitop cases [59,60,62]. From Eq. (53), we observe that the full result has approximately the same magnitude, but the opposite sign compared to the logarithmic contribution. We thus conclude that, while the logarithmic contributions in some order can give us a hint at the order of magnitude of the full contribution of that order, the practical relevance of the high-order resummation is questionable. This is not unexpected because the resummation parameter α^n_s ln^m α_s is neither large for α_s ≈ 0 nor for α_s ≈ 1.

6 Conclusion

In this paper, we took a crucial step towards the N^3LO analysis of the heavy-quark threshold dynamics. We used the effective theory of pNRQCD and the threshold expansion for a detailed analysis of the nonrelativistic Hamiltonian in this order. Explicit expressions for the N^3LO Hamiltonian in one and two loops were given. We also presented the full matching of the Hamiltonian to the contribution from the ultrasoft gluons, which enter the bound-state dynamics in this order. The matching calculation includes one-, two-, and three-loop operators. To complete our analysis, the three-loop MS coefficient a_3 of the corrections to the static potential, for which only Padé estimates are available, has to be computed.

With the full expression for the Hamiltonian and the ultrasoft contribution at hand, it is straightforward to complete the N^3LO analysis of the heavy-quarkonium spectrum. In this paper, we derived the heavy-quarkonium spectrum in this order, neglecting the nonlogarithmic terms proportional to the QCD beta function. For the latter, only the β^3_0 term for the ground-state energy is known so far.

Collecting all available contributions, we found the N^3LO corrections to be sizable for the top-antitop system, where, however, the perturbative series for the resonancepeak energy exhibits a tendency to converge even in the pole-mass scheme. In the case of the Υ(1S) resonance, the corrections are so sizeable, that some kind of optimization of the perturbative expansion is needed, e.g. by removing the pole mass in favour of a renormalon-free short-distance mass. However, we should emphasize that, in the bottomonium case, the N^3LO corrections remain sizeable even for β(α_s) = 0, and the bad behaviour of the perturbative series cannot be solely explained by the renormalon contribution.

In order to render the analysis more accurate, the remaining nonlogarithmic terms proportional to the QCD beta function have to be evaluated along with the a_3 coefficient. However, we do not expect a qualitative change of our result.

The result of this paper also provides a starting point for the calculation of the N^3LO single-logarithmic α^3_s ln α_s corrections to the heavy-quarkonium production and annihilation rates, similarly to a number of QED bound-state problems [63,64,65,66]. While the analysis of the nonlogarithmic terms in this order requires the calculation of the threeloop hard renormalization of the relevant production and annihilation amplitudes, which still is a challenging theoretical problem, the logarithmic terms are universal and essentially determined by the effective Hamiltonian and the ultrasoft contribution presented in this paper. Along with the known double-logarithmic α^3_s ln^2 α_s terms [26], the singlelogarithmic contribution would constitute an essential part of the N^3LO corrections to the heavy-quarkonium production and annihilation rates. The calculation of the singlelogarithmic terms would also lead to further progress in the resummation of the logarithms in v via the nonrelativistic effective-theory RG [58,61], since it determines an anomalous dimension necessary for the NNLO logarithmic analysis of heavy-quarkonium production and annihilation. Although it is, in general, dangerous to rely on the logarithmic approximation, as we observed in the case of the spectrum, the situation could be different for the cross section normalization, where the N^3LO double-logarithmic contribution is known to be sizeable and the resummation of the logarithmic terms could stabilize the behavior of perturbation theory [58].

Acknowledgements A.A.P. is grateful to A.H. Hoang and A. Pineda for useful communications. We thank J. Soto for helpful comments on this manuscript. This work was supported in part by the Deutsche Forschungsgemeinschaft through Grant No. KN 365/1-1 and by the Bundesministerium für Bildung und Forschung through Grant No. 05 HT1GUA/4. The work of V.A.S. was supported in part by the Russian Foundation for Basic Research through Project No. 01-02-16171 and by INTAS through Grant No. 00-00313.

Appendix

To evaluate the two-loop contribution to the heavy-quark potential, in particular the 1/m_q corrections, one needs analytical results, at least as Laurent expansions in ϵ up to some order (typically, ϵ^0 and ϵ^1), for the following family of two-loop Feynman integrals:

J(a_1, . . . , a_8; q^2; ϵ) = ∫ ∫ d^dkd^dl (k^2)^{a1} (l^2)^{a2} [(k − q)^2]^{a3} [(l − q)^2]^{a4} [(k − l)^2]^{a5} × 1 (v_0 · k)^{a6} (v_0 · l)^{a7} [v_0 · (k − l)]^{a8}

, (57)

where the four-vector v_0 is defined below Eq. (21), k and l are loop four-momenta, and +iε is omitted in all the denominators.

As in Ref. [44,45,67], we use a reduction procedure that expresses any integral of the form of Eq. (57) in terms of some master integrals. To this end, we employ the following identities, which can be obtained by means of the method of integration by parts [68],

(d − 2a_1 − a_3 − a_5 − a_6) + a_33^+(q^2 − 1^−) − a_55^+(1^− − 2^−) − a_86^−8^+ = 0, (d − 2a_2 − a_3 − a_5 − a_7) + a_44^+(q^2 − 2^−) − a_55^+(2^− − 1^−) + a_87^−8^+ = 0, (d − a_1 − a_3 − 2a_5 − a_6 − a_8) + a_11^+(2^− − 5^−) + a_33^+(4^− − 5^−) + a_66^+7^− = 0, (d − a_2 − a_4 − 2a_5 − a_7 − a_8) + a_22^+(1^− − 5^−) + a_44^+(3^− − 5^−) + a_76^−7^+ = 0, (d − a_1 − 2a_3 − a_5 − a_6) + a_11^+(q^2 − 3^−) − a_55^+(3^− − 4^−) − a_86^−8^+ = 0, (d − a_2 − 2a_4 − a_5 − a_7) + a_22^+(q^2 − 4−) − a_55^+(4^− − 3^−) + a_87^−8^+ = 0, 2a_11^+6^− + 2a_33^+6^− + a_55^+8^− + v^2a_66^+ + v^2a_88^+ = 0, 2a_22^+7^− + 2a_44^+7^− − a_55^+8^− + v^2a_77^+ − v^2a_88^+ = 0, (58) as well as the trivial identity 6^− − 7^− = 8^−. Here, the standard notation for raising and lowering operators has been used, e.g.

1^−3^+J(a_1, . . . , a_8) = J(a_1 − 1, a_2, a_3 + 1, . . . , a_8). (59)

We developed a reduction procedure very similar to the one of Ref. [67]. In our problem, however, we need a larger class of integrals that arise in the calculation of the 1/m_q corrections in the general covariant gauge. The main difference between our reduction procedure and the one of Ref. [67] is that we stop the reduction if we arrive at integrals expressed in terms of gamma functions for finite ϵ. There are two subclasses of the integrals of Eq. (57) that are only evaluated as expansions in ϵ up to some order. The first of them was described in Ref. [44], namely

I(a_1, . . . , a_5; q^2; ϵ) = ∫ ∫ d^dkd^dl (k^2)^{a1} (l^2)^{a2} [(k − l − q)^2]^{a3} (v_0 · k)^{a4} (v_0 · l)^{a5}

. (60)

In particular, we have

J(0, a_2, a_3, 0, a_5, a_6, 0, a_8) = I(a_5, a_3, a_2, a_8, a_6), J(a_1, 0, 0, a_4, a_5, a_6, a_7, 0) = I(a_1, a_4, a_5, a_6, a_7). (61)

The master integrals for this subclass are

I(1, 1, 1, 1, 1; q^2; ϵ) = ( iπ^{d/2}e^{−γE ϵ} )_2

(−q^2)^{2ϵ} [ − 2π^2 3ϵ − 4π^2 − ( 24π^2 −

7π^4 9 ) ϵ + O(ϵ^2) ] ,

I(1, 1, 2, 1, 1; q^2; ϵ) = ( iπ^{d/2}e^{−γE ϵ} )_2

(−q^2)^{1+2ϵ} [ 2 ϵ^2 − 4 ϵ + 8 −

5π^2 3 − ( 16 −

10π^2 3 + 64ζ(3) 3 ) ϵ + O(ϵ^2) ] . (62)

We need also integrals of the type of Eq. (60) with a numerator that can be chosen to be q · k or q · l. The reduction of these integrals is quite similar and also results in two master integrals.

The second subclass of the integrals of Eq. (57) that are not expressed in terms of gamma functions for general ϵ consists of integrals with a_5 = a_6 = a_7 = 0. Using Feynman parameters, the general integral of this kind can be represented in terms of the following Mellin-Barnes representation:

J(a_1, . . . , a_4, 0, 0, 0, a_5) =

(−1)^a2^{a5 −1} ( iπ^{d/2} )_2

∏_5

i=1 Γ(a_i)(−q^2)^{a−a5/2−4+2ϵ} × 1 2πi ∫_{+i∞} −i∞ dz Γ(a_1 + a_2 + a_3 + a_4 + a_5/2 − 4 + 2ϵ + z)Γ(a_1 + z)Γ(a_3 + z) Γ(a_1 + a_3 + 2z)Γ(−z) × Γ(−a_1 − a_3 − a_4 − a_5/2 + 4 − 2ϵ − z)Γ(−a_1 − a_2 − a_3 − a_5/2 + 4 − 2ϵ − z) Γ(−2a_1 − a_2 − 2a_3 − a_4 − a_5 + 8 − 4ϵ − 2z) × Γ(a_1 + a_3 + a_5/2 − 2 + ϵ + z)Γ(−a_1 − a_3 + 2 − ϵ − z), (63) where a =

∑_5

i=1 a_i. We performed a reduction to integrals with a_2 = a_3 = a_4 = a_5 = 1 and evaluated them by means of Eq. (63) for the required values of a_1. In particular, we found

J(1, 1, 1, 1, 0, 0, 0, 1; q^2; ϵ) = ( iπ^{d/2}e^{−γE ϵ} )_2

(−q^2)^{1/2+2ϵ} { −4π^2 ln 2[1 + ϵ(4 + ln 2)] +

5π^4 3 ϵ + O(ϵ^2) } . (64)

References

[1] T. Appelquist, H.D. Politzer, Phys. Rev. Lett. 34 (1975) 43.

[2] V.A. Novikov, L.B. Okun, M.A. Shifman, A.I. Vainshtein, M.B. Voloshin, V.I. Zakharov, Phys. Rev. Lett. 38 (1977) 626;

V.A. Novikov, L.B. Okun, M.A. Shifman, A.I. Vainshtein, M.B. Voloshin, V.I. Zakharov, Phys. Rev. Lett. 38 (1977) 791, Erratum;

V.A. Novikov, L.B. Okun, M.A. Shifman, A.I. Vainshtein, M.B. Voloshin, V.I. Zakharov, Phys. Rep. C 41 (1978) 1.

[3] V.S. Fadin, V.A. Khoze, Pis’ma Zh. Eksp. Teor. Fiz. 46 (1987) 417 [JETP Lett. 46 (1987) 525].

[4] M.B. Voloshin, Nucl. Phys. B 154 (1979) 365;

M.B. Voloshin, Yad. Fiz. 36 (1982) 247 [Sov. J. Nucl. Phys. 36 (1982) 143]. [5] H. Leutwyler, Phys. Lett. B 98 (1981) 447. [6] W.E. Caswell, G.P. Lepage, Phys. Lett. B 167 (1986) 437. [7] G.T. Bodwin, E. Braaten, G.P. Lepage, Phys. Rev. D 51 (1995) 1125;

G.T. Bodwin, E. Braaten, G.P. Lepage, Phys. Rev. D 55 (1997) 5853, Erratum. [8] A. Pineda, F.J. Yndurain, Phys. Rev. D 58 (1998) 094022. [9] A. Czarnecki, K. Melnikov, Phys. Rev. Lett. 80 (1998) 2531;

A. Czarnecki, K. Melnikov, Phys. Rev. D 65 (2002) 051501. [10] M. Beneke, A. Signer, V.A. Smirnov, Phys. Rev. Lett. 80 (1998) 2535. [11] J.H. Kühn, A.A. Penin, A.A. Pivovarov, Nucl. Phys. B 534 (1998) 356. [12] A.H. Hoang, T. Teubner, Phys. Rev. D 58 (1998) 114023. [13] A.A. Penin, A.A. Pivovarov, Phys. Lett. B 435 (1998) 413;

A.A. Penin, A.A. Pivovarov, Nucl. Phys. B 549 (1999) 217.

[14] A.A. Penin, A.A. Pivovarov, Nucl. Phys. B 550 (1999) 375;

A.A. Penin, A.A. Pivovarov, Yad. Fiz. 64 (2001) 323 [Sov. J. Nucl. Phys. 64 (2001) 275].

[15] K. Melnikov, A. Yelkhovsky, Phys. Rev. D 59 (1999) 114009. [16] A.H. Hoang, Phys. Rev. D 59 (1999) 014039;

A.H. Hoang, Phys. Rev. D 61 (2000) 034005. [17] M. Beneke, A. Signer, Phys. Lett. B 471 (1999) 233. [18] K. Melnikov, A. Yelkhovsky, Nucl. Phys. B 528 (1998) 59. [19] O.I. Yakovlev, Phys. Lett. B 457 (1999) 170.

[20] M. Beneke, A. Signer, V.A. Smirnov, Phys. Lett. B 454 (1999) 137. [21] T. Nagano, A. Ota, Y. Sumino, Phys. Rev. D 60 (1999) 114014. [22] A.H. Hoang, T. Teubner, Phys. Rev. D 60 (1999) 114027.

[23] A.H. Hoang, M. Beneke, K. Melnikov, T. Nagano, A. Ota, A.A. Penin, A.A. Pivovarov, A. Signer, V.A. Smirnov, Y. Sumino, T. Teubner, O. Yakovlev, A. Yelkhovsky, Eur. Phys. J. direct C 3 (2000) 1.

[24] B.A. Kniehl, A.A. Penin, Nucl. Phys. B 563 (1999) 200. [25] N. Brambilla, A. Pineda, J. Soto, A. Vairo, Phys. Lett. B 470 (1999) 215. [26] B.A. Kniehl, A.A. Penin, Nucl. Phys. B 577 (2000) 197. [27] Y. Kiyo and Y. Sumino, Phys. Lett. B 496 (2000) 83. [28] A.A. Penin, Nucl. Phys. B (Proc. Suppl.) 96 (2001) 418. [29] N. Brambilla, A. Pineda, J. Soto, A. Vairo, Nucl. Phys. B 566 (2000) 275. [30] B.A. Kniehl, A.A. Penin, M. Steinhauser, V.A. Smirnov, Report No. DESY 01-075, hep-ph/0106135, accepted for publication in Phys. Rev. D (Rapid Communication).

[31] A. Pineda, J. Soto, Nucl. Phys. B (Proc. Suppl.) 64 (1998) 428. [32] M. Beneke, V.A. Smirnov, Nucl. Phys. B 522 (1998) 321. [33] M. Nio, T. Kinoshita, Phys. Rev. D 55 (1997) 7267.

[34] G.S. Adkins, R.N. Fell, J.R. Sapirstein, Phys. Rev. Lett. 84 (2000) 5086.

[35] V.A. Smirnov, Phys. Lett. B 465 (1999) 226;

V.A. Smirnov, Applied Asymptotic Expansions in Momenta and Masses (Springer- Verlag, Heidelberg, 2001).

[36] A. Pineda, J. Soto, Phys. Lett. B 420 (1998) 391;

A. Pineda, J. Soto, Phys. Rev. D 59 (1999) 016005.

[37] A. Czarnecki, K. Melnikov, A. Yelkhovsky, Phys. Rev. A 59 (1999) 4316;

A. Czarnecki, K. Melnikov, A. Yelkhovsky, Phys. Rev. Lett. 83 (1999) 1135. [38] B.A. Kniehl, Z. Phys. C 72 (1996) 437.

[39] O.V. Tarasov, A.A. Vladimirov, A.Yu. Zharkov, Phys. Lett. B 93 (1980) 429. [40] T. Appelquist, M. Dine, I.J. Muzinich, Phys. Rev. D 17 (1978) 2074. [41] N. Brambilla, A. Pineda, J. Soto, A. Vairo, Phys. Rev. D 60 (1999) 091502. [42] W. Fischler, Nucl. Phys. B 129 (1977) 157. [43] A. Billoire, Phys. Lett. B 92 (1980) 343. [44] M. Peter, Phys. Rev. Lett. 78 (1997) 602;

M. Peter, Nucl. Phys. B 501 (1997) 471. [45] Y. Schröder, Phys. Lett. B 447 (1999) 321. [46] F.A. Chishtie, V. Elias, Phys. Lett. B 521 (2001) 434. [47] S.N. Gupta, S.F. Radford, Phys. Rev. D 24 (1981) 2309;

S.N. Gupta, S.F. Radford, Phys. Rev. D 25 (1982) 3430. [48] S. Titard, F.J. Yndurain, Phys. Rev. D 49 (1994) 6007. [49] S.N. Gupta, W.W. Repko, C.J. Suchyta III, Phys. Rev. D 40 (1989) 4100. [50] W. Buchmüller, Y.J. Ng, S.H.H. Tye, Phys. Rev. D 24 (1981) 3003. [51] J. Pantaleone, S.H.H. Tye, Y.J. Ng, Phys. Rev. D 33 (1986) 777. [52] A.V. Manohar, Phys. Rev. D 56 (1997) 230. [53] A. Pineda, J. Soto, Phys. Rev. D 58 (1998) 114011. [54] A.V. Manohar, I.W. Stewart, Phys. Rev. D 62 (2000) 074015. [55] M.E. Luke, A.V. Manhoar, I.Z. Rothstein, Phys. Rev. D 61 (2000) 074025. [56] A.V. Manohar, I.W. Stewart, Phys. Rev. D 62 (2000) 014033;

A.V. Manohar, I.W. Stewart, Phys. Rev. D 63 (2001) 054004.

[57] A. Pineda, J. Soto, Phys. Lett. B 495 (2000) 323.

[58] A.H. Hoang, A.V. Manohar, I.W. Stewart, T. Teubner, Phys. Rev. Lett. 86 (2001) 1951;

A.H. Hoang, A.V. Manohar, I.W. Stewart, T. Teubner, Phys. Rev. D 65 (2002) 014014.

[59] A.H. Hoang, A.V. Manohar, I.W. Stewart, Phys. Rev. D 64 (2001) 014033. [60] A. Pineda, Report No. TTP01-22, hep-ph/0109117. [61] A. Pineda, Report No. TTP01-27, hep-ph/0110216. [62] A. Pineda, private communication.

[63] B.A. Kniehl, A.A. Penin, Phys. Rev. Lett. 85 (2000) 1210;

B.A. Kniehl, A.A. Penin, Phys. Rev. Lett. 85 (2000) 3065, Erratum; B.A. Kniehl, A.A. Penin, Phys. Rev. Lett. 85 (2000) 5094.

[64] R. Hill, G.P. Lepage, Phys. Rev. D 62 (2000) 111301. [65] K. Melnikov, A. Yelkhovsky, Phys. Rev. D 62 (2000) 116003;

K. Melnikov, A. Yelkhovsky, Phys. Rev. Lett. 86 (2001) 1498. [66] R.J. Hill, Phys. Rev. Lett. 86 (2001) 3280.

[67] Y. Schröder, Ph.D. Thesis, Hamburg University, 1999, Report No. DESY-THESIS- 1999-021.

[68] K.G. Chetyrkin, F.V. Tkachov, Nucl. Phys. B 192 (1981) 159.